Abstract The ATP binding cassette transporter A-1 (ABCA1) is critical for apolipoprotein-mediated cholesterol efflux, an important mechanism employed by macrophages to avoid becoming lipid-laden foam cells, the hallmark of early atherosclerotic lesions. It has been proposed that lipid-free apolipoprotein A-I (apoA-I) enters the cell and is resecreted as a lipidated particle via a retroendocytosis pathway during ABCA1-mediated cholesterol efflux from macrophages. To determine the functional importance of such a pathway, confocal microscopy was used to characterize the internalization of a fully functional apoA-I cysteine mutant containing a thiol-reactive fluorescent probe in cultured macrophages. ApoA-I was also endogenously labeled with 35 S-methionine to quantify cellular uptake and to determine the metabolic fate of the internalized protein. It was found that apoA-I was specifically taken inside macrophages and that a small amount of intact apoA-I was resecreted from the cells. However, a majority of the label that reappeared in the media was degraded. We estimate that the mass of apoA-I retroendocytosed is not sufficient to account for the HDL produced by the cholesterol efflux reaction. Furthermore, we have demonstrated that lipid-free apoA-Imediated cholesterol efflux from macrophages can be pharmacologically uncoupled from apoA-I internalization into cells. On the basis these findings, we present a model in which the ABCA1-mediated lipid transfer process occurs primarily at the membrane surface in macrophages, but still accounts for the observed specific internalization of apoA-I.-
Abstract The ATP binding cassette transporter A-1 (ABCA1) is critical for apolipoprotein-mediated cholesterol efflux, an important mechanism employed by macrophages to avoid becoming lipid-laden foam cells, the hallmark of early atherosclerotic lesions. It has been proposed that lipid-free apolipoprotein A-I (apoA-I) enters the cell and is resecreted as a lipidated particle via a retroendocytosis pathway during ABCA1-mediated cholesterol efflux from macrophages. To determine the functional importance of such a pathway, confocal microscopy was used to characterize the internalization of a fully functional apoA-I cysteine mutant containing a thiol-reactive fluorescent probe in cultured macrophages. ApoA-I was also endogenously labeled with 35 S-methionine to quantify cellular uptake and to determine the metabolic fate of the internalized protein. It was found that apoA-I was specifically taken inside macrophages and that a small amount of intact apoA-I was resecreted from the cells. However, a majority of the label that reappeared in the media was degraded. We estimate that the mass of apoA-I retroendocytosed is not sufficient to account for the HDL produced by the cholesterol efflux reaction. Furthermore, we have demonstrated that lipid-free apoA-Imediated cholesterol efflux from macrophages can be pharmacologically uncoupled from apoA-I internalization into cells. On the basis these findings, we present a model in which the ABCA1-mediated lipid transfer process occurs primarily at the membrane surface in macrophages, but still accounts for the observed specific internalization of apoA-I. Cardiovascular disease (CVD) is the leading cause of death in the United States (1) . Numerous prospective studies have demonstrated an inverse correlation between HDL plasma levels and many manifestations of CVD (2, 3) . This may be due, in part, to HDL's role in the reverse cholesterol transport (RCT) system, the process that packages excess cholesterol into HDL and transports it from the periphery to the liver for excretion as bile salts (4, 5) .
Because HDL is a critical part of the RCT system and an important risk factor in CVD, many studies have been performed to better understand the factors controlling its production. It has become clear that HDL biogenesis is dependent on the proper function of the membrane transport protein, ATP binding cassette transporter A-1 (ABCA1) (6) (7) (8) (9) . The lack of functional ABCA1 can lead to Tangier disease, which is characterized by a near absence of plasma HDL, the accumulation of cholesterol esters in the liver, spleen, lymph nodes, and macrophages, and an increased risk of coronary artery disease (8) (9) (10) . Numerous studies have demonstrated a dependence on ABCA1 for lipid efflux from peripheral cells (10) , particularly macrophages. However, despite compelling evidence of ABCA1's physiological importance, its molecular role in HDL biogenesis is still not fully understood. It is thought that nascent HDL is formed when ABCA1 facilitates the efflux of phospholipids and cholesterol to lipid-poor apolipoprotein A-I (apoA-I) (11) . However, the details of the interaction between apoA-I and ABCA1 are unclear. A better understanding of this interaction would increase our knowledge of the physiological mechanisms of HDL and RCT regulation, and help identify new drug targets to enhance the body's preexisting protective mechanism against atherosclerotic plaque formation.
The location of apoA-I lipidation and HDL formation is controversial. Evidence exists suggesting that the interaction and lipidation of apoA-I via ABCA1 may occur through a retroendocytosis pathway through which apolipoprotein is taken into the cell, is lipidated, and is then resecreted without degradation (12, 13) . Multiple groups have demonstrated that in macrophages, apoA-I and ABCA1 colocalize in endosomal compartments (14, 15) . This is congruent with the observations that ABCA1 is rapidly cycled between the cell surface and endosomal or lysosomal compartments, and that these intracellular compartments are the source of a majority of the cholesterol effluxed to apoA-I in an ABCA1-dependent manner (16, 17) . However, it is unknown whether this retroendocytic pathway plays a significant role in the efflux of cholesterol from macrophages. If retroendocytosis plays an important role in the lipidation of apoA-I, then the following should be true: a) apoA-I should be specifically internalized into the cell upon activation of ABCA1; b) the mass of apoA-I cycled though the cell should account for most of the nascent HDL particles formed in a given period of time; and c) the degree of apoA-I internalization should correlate with the degree of cholesterol efflux promoted. To test these predictions, both fluorescent and radiolabeled apoA-I was generated so that the movement and possible degradation of apoA-I could be studied throughout the retroendocytosis pathway.
EXPERIMENTAL PROCEDURES

Materials
Enterokinase was purchased from Novagen (Madison, WI). IgA protease was obtained from Mobitec (Marco Island, FL). Isopropyl-b-D-thiogalactoside (IPTG) was from Fisher Scientific (Pittsburgh, PA). POPC was acquired from Avanti Polar lipids (Birmingham, AL). Fatty acid-free BSA was from Calbiochem (San Diego, CA). cAMP was from Sigma (St. Louis, MO). FBS and PBS were from Invitrogen (Carlsbad, CA). DTT was from Amresco (Solon, OH). Tris-(2-carboxyethyl) phosphine (TCEP) was obtained from Molecular Probes (Eugene, OR). All chemical reagents were of the highest quality available.
Methods
Construction, expression and labeling of cysteine mutants of apoA-I. The human apoA-I Cys mutants used in this study were expressed in the bacterial pET30 expression vector (Novagen), which encodes an N-terminal histidine tag sequence that can be cleaved from the protein by enterokinase. The cysteine point mutants shown in Fig. 1 were generated directly in this vector with PCRbased techniques using the Quick Change mutagenesis kit (Stratagene; La Jolla, CA). Human apoA-I ordinarily lacks a cysteine. The sequence of each construct was verified on an Applied Biotechnology System (Foster City, CA) DNA sequencer at the University of Cincinnati DNA Core. The proteins were expressed in BL-21 Escherichia coli cells according to established methods (18) . The proteins were then purified over Zn versus the more commonly used Ni 21 chelation approach was required because DTT, which is necessary to keep the Cys reduced during purification, tended to precipitate out of solution when Ni 21 was used. Fractions containing the pure proteins were dialyzed against standard Tris buffer (STB: 10 mM Tris-HCl, 0.15 M NaCl, 1 mM EDTA, 0.2% NaN 3 , pH 8.2) with 1 g DTT per liter. Before labeling, the DTT was removed by dialysis against STB. TCEP and sodium-cholate were added to a final concentration of 0.35 mM and 0.1%, respectively. To 7.5 mg of apoA-I mutant, 1 mg of solid Alexa Fluor 546, C 5 -maleimide, and sodium salt (Molecular Probes) in 1 ml STB, pH 7.1, was added. The label was added to the protein 30 ml at a time at 1 min intervals. The reaction was then incubated at room temperature for 2 h. The labeled protein was reconstituted into HDL particles for cleavage with enterokinase [apoA-I is nonspecifically cleaved by enterokinase if it is lipid-free (19) ]. Reconstituted HDL particles were prepared using POPC at a lipid-to-protein molar ratio of 110:1 according to the method of Jonas (20) . The histidine tag was cleaved with enterokinase (2.2 U/mg apoA-I) and passed over a Superdex 200 gel filtration column (Amersham-Pharmacia; Piscataway, NJ), to separate the labeled protein from the cleaved histidine tag and unreacted fluorescent label. The fractions containing labeled protein were combined, lyophilized, and subjected to a chloroform-methanol delipidation to remove lipid and lipopolysaccharide (21) . The dried protein was dissolved in 3 M guanidine HCl and dialyzed into STB for use.
Expression and purification of 35 S-labeled apoA-I. WT (wild-type) apoA-I cDNA in the pET30 vector containing the IgA protease cleavage site (21) was transfected into a methionine auxotroph line of E. coli (b834-DE3) (Novagen). A single colony was used to generate 100 ml Luria-Bertani cultures, which were pelleted and washed with M9A medium [1.0 g/l ammonium chloride, 5.8 g/l dibasic sodium phosphate, 3.0 g/l monobasic potassium phosphate, 2 mM MgCl 2 , 0.1 mM CaCl 2 , 2% glucose (v:v), 0.1 mg/ml Thr, 0.1 mg/ml Leu, 0.2 mg/ml Pro, 0.2 mg/ml Arg, and 0.0001% (v:v) thiamine]. The cells were grown in fresh M9A medium for 1 h at 37jC. Then 35 S-Met (Amersham-Pharmacia) and IPTG were added at a concentration of 5 mCi/ml and 0.5 mM, respectively, for 1 h at 37jC. The apoA-I was isolated as described above, with the exception that IgA protease was used to remove the His tag.
Cholesterol efflux studies. The transformed mouse macrophage cell line RAW264.7 (American Type Culture Collection; Manassas, VA) was maintained in DMEM (Invitrogen) with 10% FBS and 50 mg/ml gentamycin. Cells were grown to 75% confluence in a 48-well plate, then this maintenance media was removed and 3 H-cholesterol labeling media was added for 24 h [DMEM, 10% FBS, 50 mg/ml gentamycin, 3 H-cholesterol, 1.0 mCi/ml (Amersham-Pharmacia); 0.5 ml per well]. After 24 h, the labeling media was removed and cells were washed twice with PBS with 0.2% BSA and once with DMEM containing 0.2% BSA. Efflux media [DMEM, 0.2% BSA, 10 mg/ml acceptor (apoA-I or specified mutant)] was added, with or without 0.3 mM 8-bromo-cAMP. For all instances in this manuscript, the term "cAMP" refers to this analog. After 24 h, a 100 ml sample of efflux media was passed through a 0.45 mm filter to remove any floating cells and then measured by liquid scintillation counting. Percent efflux was calculated by dividing the counts in the media by total counts in the cells at time 0 h (22) . In experiments using the endocytosis inhibitors, the cells were preincubated for 1.5 h with the inhibitor alone in DMEM, 0.2% BSA. This was removed, and the cells were incubated with inhibitor and 10 mg/ml apoA-I acceptor in DMEM, 0.2% BSA for 1.5 or 6 h, as indicated in the figure legends. Otherwise, the cholesterol efflux studies were performed as above, and apoA-I uptake studies were performed as below.
Confocal microscopy studies. RAW264.7 macrophages were grown on slide well plates (#138121; Nalge Nunc International, Rochester, NY) in the maintenance media described above. Once the cells were 60% confluent, they were incubated in DMEM containing 0.2% BSA with or without 0.3 mM cAMP for 16 h. Media containing the Alexa Fluor-labeled apoA-I and 0.2% BSA was then added with or without 0.3 mM cAMP for the appropriate length of time. Cells were washed three times with PBS (no BSA). Then 0.75 ml of a 3% paraformaldehyde, 2% sucrose solution was added to the cells. The cells were fixed on ice for 45 min. Fixed cells were washed in PBS with 1% BSA (to block nonspecific binding). In some experiments, a rat anti-mouse monoclonal antibody to the macrophage membrane protein CD11b (also known as MAC-1) (Research Diagnostics; Flanders, NJ), 10 mg/ml in PBS with 1% BSA, was added to the cells. The cells were incubated for 40 min on ice and washed in PBS with 1% BSA. An Oregon Green-labeled secondary antibody, which excites at the same wavelength as FITC (Oregon Green 488-conjugated goat anti-rat IgG; Molecular Probes), was added to the cells at a concentration of 20 mg/ml in PBS with 1% BSA. The cells were then incubated for an additional 40 min on ice, washed with PBS with 1% BSA, and sealed with coverslips using melted paraffin. For colocalization experiments, LysoTracker Green (Molecular Probes) was added to cells at a final concentration of 200 nM in the Alexa Fluor-labeled apoA-I media described above. Once the cells were labeled, confocal imaging was performed on a Leica TCS 4D microscope/SCANware system (Heidelberg, Germany) equipped with an Omnichrome kryptonargon laser (Chino, CA). Excitation was performed using the FITC/TRITC channel, which excites at 488 nm and 568 nm simultaneously. Emission was collected using an RSP580 beam splitter and BP530 filter at detector #1 and a BP600 filter at detector #2. The data were analyzed using the image analysis software on the SCANware system. The amount of apoA-I within the cell was calculated by determining the number of pixels in the TRITC channel per cell and subtracting background. For control studies performed using dextran, the dextran conjugateAlexa Fluor 546 (Molecular Probes) was dissolved in STB to a final concentration of 2 mg/ml. The dextran conjugate was added to the cells in DMEM with 0.2% BSA 6 0.3 mM cAMP at a final dextran concentration of 18 mg/ml for 2 h. The cells were washed and fixed, and the membranes were labeled with CD11b as described above. Confocal studies using Chinese hamster ovary (CHO) cells were performed in a similar manner, but the base medium was Ham's F-12 (Invitrogen) instead of DMEM. The media for the CHO cells transfected with ABCA1-green fluorescent protein (GFP) additionally contained 3 mg/ml of the antibiotic G-418 sulfate (USB Corp.; Cleveland, OH). Similar to the macrophage experiments, cells were incubated in Ham's F-12 media with 0.2% BSA for 16 h. 35 S-apoA-I uptake, resecretion and degradation. Pulse-chase apoA-I uptake and resecretion experiments were performed in RAW264.7 cells plated in 24-well plates and grown until 85% confluent in DMEM maintenance media. Cells were washed twice with 1 ml PBS with 0.2% BSA and once with 1 ml DMEM with 0.2% BSA, and preincubated for 16 h in DMEM with 0.2% BSA 6 0.3 mM cAMP. Then they were pulsed with 3 mg/ml 35 S-radiolabeled apoA-I 6 0.3 mM cAMP in 0.75 ml DMEM with 0.2% BSA at 37jC for 1 h. The cells were washed five times with 0.75 ml cold PBS with 1 mM CaCl 2 , 0.2% BSA, and 5 mg/ml human HDL to remove adherent apolipoprotein (12) . The original media was sampled to determine total counts added to the cells. The chase incubation containing 0.5 ml DMEM, 0.2% BSA, and 50 mg/ml human HDL 6 0.3 mM cAMP was incubated with the cells at 37jC for the indicated time period. The media was collected to find total secreted activity and then subjected to a TCA precipitation in which 50% (w/v) TCA was added in a 1:4 ratio to media, incubated 30 min at 4jC, and centrifuged for 20 min at 15,000 relative centrifugal force. One-hundred microliters of supernatant was counted to determine the amount of degraded protein present. The cells were washed once with 1 ml PBS with 0.2% BSA and twice with 1 ml PBS, and dissolved in 0.5 ml 0.2 M NaOH. One-hundred microliters of this solution was counted on the scintillation counter to determine residual cell label. Total cell uptake was calculated as the sum of the medium and residual cell-associated radioactivity. The degraded protein was expressed as the TCA-soluble fraction of the chase medium, and the resecreted (intact) protein was calculated as total counts in the chase medium minus the TCA-soluble counts (12) . To determine the rate of particle formation, 35 S-apoA-I was added to cells as described above. The media was collected at 3 h and run over a Superdex 200 gel filtration column (AmershamPharmacia). These fractions were analyzed by liquid scintillation counting. The same experiment was performed with 3 H-cholesterol-labeled cells with or without 10 mg unlabeled apoA-I as the acceptor protein to determine which column fractions contained cholesterol.
Miscellaneous. Human plasma apoA-I was purified as previously described (23) . The ABCA1-GFP construct (a gift of Dr. Richard Lawn) in the mammalian expression vector pEGFP-N1 (Clontech; Palo Alto, CA) was stably expressed in CHO cells using the Lipofectamine Plus kit (Invitrogen) following the manufacturer's instructions.
RESULTS
If a retroendocytosis pathway plays a key role in apolipoprotein-mediated cholesterol efflux, then apoA-I should be detectable within macrophages soon after its introduction to cells expressing ABCA1. To test this, we constructed a panel of apoA-I mutants, each containing a single cysteine to which a thiol-reactive probe was attached. Previous work has shown that the presence of this probe does not have a major effect on the secondary structure content of these proteins, as determined by circular dichroism (18) . Absorbance spectroscopy confirmed that each apoA-I molecule contained a single molecule of fluorescent probe. Figure 1 shows that the label introduced at amino acids 9, 93, and 124 did not affect the ability of apoA-I to participate in apolipoproteinmediated cholesterol efflux in RAW macrophages stimulated with 0.3 mM cAMP. However, when the probe was introduced at position 232 in helix 10, a 40% decrease in ABCA1-mediated cholesterol efflux was observed. This is not surprising, because helix 10 has been shown to be critical to apoA-I's ability to stimulate ABCA1-mediated cholesterol efflux (24) . The V93C mutant was chosen for further studies because it exhibited the highest levels of expression in our recombinant system. Next, the ability to visualize fluorescent apoA-I (V93C) within RAW264.7 macrophages treated with cAMP to induce expression of ABCA1 was assessed. Panels 1 and 2 of Fig. 2A show an optical slice taken through the center of the macrophage by confocal microscopy after incubation with fluorescent apoA-I (V93C) for 2 h. The redfluorescing Alexa Fluor probe on apoA-I was clearly identifiable within the confines of the CD11b membrane marker (green) in cells preincubated with cAMP. Within each cell, the apoA-I label was excluded from a large area that appeared to be the cell nucleus. Much less of the label was apparent within the cells in the absence of cAMP pretreatment (cf. panels 1 and 2). This is illustrated quantitatively by computer image analysis, shown in Fig. 2B . The cells shown in Fig. 2 were fixed in paraformaldehyde (see Methods), but similar results were obtained when live cells were imaged (see supplementary Fig. I ). We also characterized the time dependence of apoA-I uptake. ApoA-I was detected within the cells 15 min after its addition to the media. However, before 30 min, most of the label was associated with, or just beneath, the cell surface (data not shown). After 30 min, most of the label appeared to be inside the cells, as shown in Fig. 2A .
A trivial explanation for the cellular internalization of apoA-I is that treatment with cAMP, a second messenger known to exert a multitude of effects on macrophage metabolism, simply stimulates nonspecific endocytosis in macrophages. To evaluate this possibility, the effect of cAMP treatment on the uptake of dextran polymers labeled with the identical Alexa Fluor 546 probe as that present on our apoA-I (V93C) was studied. This method has been used extensively to study phagocytic processes in macrophages (25) . Panels 3 and 4 in Fig. 2A show that the uptake of dextran was similar regardless of cAMP treatment. To further determine the specificity of fluorescent apoA-I internalization, a 40-fold excess of unlabeled apoA-I was added to the treatment. Figure 2 shows that the presence of excess unlabeled apoA-I competitively inhibited the internalization of apoA-I label (cf. panels 2 and 6), indicating significant specificity in apoA-I internalization. (In using the term "specific" we do not mean to imply that apoA-I is the only apolipoprotein that can interact with these domains. The other exchangeable apolipoproteins that are capable of promoting apolipoprotein-mediated cholesterol efflux can undoubtedly compete for these same sites.) To gain insight into the identity of the intracellular compartments into which the apoA-I label was sequestered, we performed additional confocal studies using the LysoTracker reagent. Figure 3 shows that a substantial fraction of the internalized apoA-I label colocalized with LysoTracker when cAMP was present, indicating that some of the internalized apoA-I is trafficked to lysosomal or late endosomal compartments (26) . This colocalization was not observed in the absence of cAMP (data not shown). Finally, we studied the ability of the label to exit the cell after a thorough wash and a chase incubation in clean media. Figure 4 shows a nonsignificant trend toward the release of a small amount of label, hinting that a portion of the label might be resecreted. However, the majority of the fluorescence signal stayed associated with the cells for the duration of the experiment.
The confocal microscopy approach, although well suited for measuring fluorescent apoA-I internalization, gives little information on the fate of the label after internalization. Did the protein remain intact or did it undergo immediate lysosomal degradation? To address this question, 35 S-methionine was used to endogenously label wildtype apoA-I expressed in bacteria. This method was chosen because studies have shown that radioiodination of apoA-I can have significant effects on its structure and metabolism (27) . The purified 35 S-apoA-I performed at levels similar to plasma apoA-I in a cholesterol efflux assay using RAW macrophages (data not shown). Figure 5A shows the results of a pulse-chase experiment in which RAW cells were incubated with 35 S-apoA-I for 1 h, extensively washed, then chased with clean media for 1.5 h according to the protocol of Takahashi and Smith (12) . At the end of the pulse incubation, approximately 66 ng of apoA-I/mg cell protein was associated with the cells when cAMP was present. This represents about 0.9% of the total apoA-I mass initially added to the media. During the 90 min chase period, 70% (or about 46 ng/mg cell protein) of the cellular 35 S label appeared in the medium in cAMP-treated cells. However, 29 ng/mg cell protein was found to be degraded. This left 17 ng/mg cell protein (about 37% of the total secreted label) of presumably intact apoA-I. The remaining label stayed associated with the cells. In the absence of cAMP, the amounts of label in each Fig. 1 . Effect of the introduction of a Cys residue and attachment of an Alexa Fluor probe on the ability of apolipoprotein A-I (apoA-I) to promote apolipoprotein-mediated cholesterol efflux from cultured macrophages. RAW264.7 cells were labeled for 24 h with 3 H-cholesterol as described in Methods. After removal of labeling media and three washes, medium containing 10 mg/ml of lipid-free acceptor with 0.3 mM cAMP, to upregulate ATP binding cassette transporter A-1 (ABCA1), was added to the cells for 24 h. All Cys mutants represented as acceptors in this figure have the Alexa Fluor 546 probe attached. The cholesterol efflux data are expressed as percentage of total cell 3 H-cholesterol for cells whose lipids were extracted immediately after the washes that followed labeling (t 0 ). Error bars represent 1 SD of triplicate samples from one of three representative experiments. A one-way ANOVA was performed, and the asterisk indicates a significant difference from human plasma apoA-I (P , 0.001) by a Tukey-Kramer multiple comparison test.
category were substantially smaller, except the amount associated with the cell at the end of the experiment, which was similar to the cAMP treatment level. The effect of the length of the chase incubation on the amount of intact apoA-I resecreted versus that degraded was determined next. For chase times .90 min, it was found that little additional label came out of the cells (data not shown), indicating that the resecretion process was largely complete by 90 min. In addition, the ratio of intact-to-degraded resecreted apoA-I was consistent over time (Fig. 5B) .
To measure the mass of lipid-free apoA-I incorporated into nascent, discoidal HDL particles, we preincubated macrophages 6 cAMP for 8 h, added 35 S-apoA-I to the media for an additional 3 h 6 cAMP, and then fractionated the media by gel filtration chromatography. The chromatographic profile seen in Fig. 6A shows two major peaks occurring at about 21 and 34 ml, respectively, in samples lacking cAMP. PAGGE analysis identified peak #1 as intact, lipid-free 35 S-apoA-I. Peak #2 was completely TCA soluble, indicating that it contained degraded apoA-I. 2 . The specificity of apoA-I uptake by RAW264.7 macrophages. RAW264.7 cells were incubated for 16 h 6 0.3 mM cAMP to upregulate ABCA1. Then, either 10 mg/ml Alexa Fluor-labeled apoA-I (V93C) 6 400 mg/ml unlabeled apoA-I competitor, or 18 mg/ml Alexa Fluorlabeled dextran beads were added 6 0.3 mM cAMP for 2 h. A: Representative confocal images (magnification 633) taken through the approximate center of fixed cells from the various treatments. The apoA-I and dextran labels appear red, whereas the CD11b outer membrane marker is green. The labels on the left edge of the figure refer to treatment with or without cAMP for the entire row of images. The labels across the top identify the internalized component for the entire column of images. B: Computer image analysis in which the red pixels were quantified on a per cell basis from six fields (at least 75 cells) per sample after background subtraction. Bars that have the same symbol are significantly different from each other, $ (P , 0.0001) and * (P , 0.001) by an unpaired two-tailed Student's t-test. The error bars represent 1 SD of triplicate samples from one of two representative experiments.
With the addition of cAMP (Fig. 6B) , a broad third peak appeared that contained intact 35 S-apoA-I in the typical size range of discoidal HDL particles for this column. Figure 6C shows the chromatograph of a similar experiment using unlabeled apoA-I and RAW macrophages prelabeled with 3 H-cholesterol and treated with cAMP. Activity measurements identified cholesterol in peak #3, indicating that it represents nascent HDL particles. Table 1 shows the percent distribution of the 35 S-apoA-I and the mass of apoA-I associated with each peak shown in Fig. 6 . The data in Figs. 5, 6 and Table 1 were used to approximate the flux of intact apoA-I through a retroendocytosis pathway (see Discussion).
To test our third prediction, that the degree of apoA-I internalization should correlate with the degree of cholesterol efflux promoted if a retroendocytosis pathway is the main method of apoA-I lipidation, we studied the effects of various endocytosis inhibitors on apoA-I uptake and cholesterol efflux. We tested cytochalasin D, which blocks cellular endocytosis by disassembling actin microfilaments and preventing endocytotic vesicle formation; amiloride, a sodium channel inhibitor that disrupts endocytic vesicle formation; and monensin, an ion transport inhibitor that blocks transfer from the endosome to the lysosome by increasing the pH of intracellular vesicles, thus inhibiting trafficking from the Golgi to the plasma membrane (28) . Using initial inhibitor concentrations found in the literature, monensin and amiloride could disrupt apoA-I internalization to various extents (see supplementary Fig. II) . Although cholesterol efflux decreased slightly from untreated cells, there was no correlation between the degree of apoA-I uptake and cholesterol efflux inhibition. Cytochalasin D did not appear to affect apoA-I uptake or cholesterol efflux under these conditions. We further probed the monensin effect by performing a dose response experiment. Figure 7 shows that with the exception of very low concentrations, the degree of cholesterol efflux did not change substantially with increasing monensin concentration. In contrast, a clear dose-dependent decrease in apoA-I internalization was observed. At the highest monensin concentration, apoA-I label was almost completely excluded from the cell, yet cholesterol was still effluxed at nearly normal levels. S-apoA-I 6 0.3 mM cAMP for 1 h. They were washed thoroughly according to Methods to remove residual surface 35 S-apoA-I and then incubated with clean medium containing 50 mg/ml human HDL for 1.5 h (chase) to assess resecretion. Total uptake is defined as the sum of the residual cell label and the label in the chase medium at the end of the experiment. The amount of secreted, degraded label was determined from a TCA precipitation performed on the chase medium. Resecreted (intact) apoA-I was defined as the difference between the total label in the chase medium and the amount that was degraded. Mass values were determined from the specific activity of the initial 35 S-apoA-I. B: The pulse-chase experiment was performed exactly as stated above, except that the length of the chase incubation was varied as shown and cAMP was included in all samples. A one-way ANOVA failed to identify a significant difference among the ratios at any time point. The error bars represent 1 SD of triplicate samples from one experiment. Finally, using CHO cells, the effect of over-expression of ABCA1 on the internalization of fluorescent apoA-I was determined. CHO cells exhibit higher basal levels of ABCA1 expression than do RAW macrophages and do not require (nor respond to) cAMP pretreatment (29) . Expression of an ABCA1 construct containing a GFP tag increased cholesterol efflux in these cells by about 240% (Fig. 8) . Despite the increase in cholesterol efflux in the transfected cells, the degree of internalization of the fluorescent apoA-I was actually decreased by about 50%, compared to untransfected cells.
DISCUSSION
A retroendocytosis pathway for apolipoprotein-mediated cholesterol efflux is an attractive idea because it would offer numerous sites of regulation for potential pharmacological exploitation. Much of the evidence presented in the Introduction supports the existence of such a pathway, but the significance of this process in apolipoproteinmediated cholesterol efflux from macrophages is unclear. We reasoned that if such a pathway plays a major role in cholesterol efflux from macrophages, then: a) apoA-I should be specifically internalized upon activation of ABCA1; b) the mass of apoA-I cycled though the cell should account for most of the nascent HDL particles formed in a given period of time; and c) the degree of apoA-I internalization should correlate with the degree of cholesterol efflux promoted. Each of these predictions is discussed below with respect to our data, then we present a model of apolipoprotein-mediated cholesterol efflux in which retroendocytosis plays, at most, a minor role.
To address the cellular uptake of apoA-I, we used a recombinant form of apoA-I that had been labeled with a fluorescent probe at a single and highly targeted site in the molecule. It has been shown previously that the C-terminal helix of apoA-I is critical for the ability of apoA-I to promote cholesterol efflux from these cells (24, 30) . Consistent with this, cholesterol efflux capacity was negatively impacted when we tried to place a label in this helix at position 232 (Fig. 1) . This demonstrates that a targeted approach to fluorescent labeling of apoA-I is a crucial component of any study designed to follow the cell biology of apoA-I by fluorescent microscopy. Thus, fluorescent labeling techniques that rely on random labeling of lysine residues, such as the Cy5 reagent, should be interpreted with caution. 35 S-apoA-I label in media after a 3 h incubation with RAW macrophages (see Fig. 4 apoA-I, apolipoprotein A-I. a The percent distribution of label from the column runs shown in Fig. 5 was determined by summing the total counts in each fraction. For each experiment, peak 1 was defined as fractions 19-24, peak 2 as fractions 30-36, and peak 3 as fractions 10-18. The percent distribution is shown, along with the approximate mass of apoA-I that would be associated with each peak, given that 2,250 ng of apoA-I was initially used in the incubation (see Discussion)
b The state of apoA-I (intact, degraded, lipidated, etc.) was determined by Western blot analysis, TCA precipitation, and cofractionation with cholesterol as described in Results.
c The total did not add up to 100%, because there were small amounts of counts present in fractions that were not included in the three major peaks. H-cholesterol and 0.3 mM cAMP, washed, and incubated in medium containing cAMP 6 10 mg/ml unlabeled wild-type apoA-I. The medium was collected and passed over the sizing column as in A and B. Peak 1: lipid-free 35 S-apoA-I; peak 2: degraded 35 S-apoA-I; peak 3: nascent HDL particles containing 35 S-apoA-I and As predicted, the fluorescent apoA-I was indeed taken into RAW macrophages when ABCA1 was upregulated using a cAMP analog (Fig. 2) . This uptake could not be attributed to nonspecific uptake or recognition of the probe because upregulation of ABCA1 with cAMP did not affect the uptake of dextran beads labeled with the same Alexa Fluor probe. In addition, the uptake of fluorescent apoA-I was competitively inhibited by unlabeled apoA-I, indicating that the uptake was specific for the sequence of apoA-I. The uptake occurred rapidly, and the label appeared to be targeted to endosomal/lysosomal compartments within the cell. These observations are consistent with the idea of a retroendocytic pathway for apoA-I lipidation, but are also consistent with a degradation pathway in which apoA-I would also be transported to the lysosome. The fact that a large portion of the fluorescent label could not come back out of the cell during extended chase periods in media lacking labeled apoA-I supports the latter explanation (Fig. 4) . Indeed, when we studied the fate of the internalized protein using the endogenously 35 S-Met-labeled apoA-I in the presence of cAMP, the total amount of apoA-I associated with the cells was about 0.9% of that present in the medium, and although the majority of the cell-associated label reappeared in the chase medium, much of it had already been degraded. Our results differed from those of Takahashi and Smith (12) , who showed that intact apoA-I represented the majority of the resecreted species. These investigators used apoA-I that had been nonspecifically radioiodinated, whereas our studies used endogenously labeled protein that contained no covalent modifications and that was Fig. 7 . Effect of monensin concentration on apolipoprotein-mediated cholesterol efflux and apoA-I uptake. A: For cholesterol efflux studies, RAW264.7 macrophages were labeled with 3 H-cholesterol and pretreated with 0.3 mM cAMP as described in Methods. The cells were incubated with the appropriate concentration of monensin for 1.5 h, and then incubated with medium containing 10 mg/ml apoA-I, 0.3 mM cAMP, and the appropriate concentration of monensin for 6 h. Cholesterol efflux and cellular uptake are displayed as a fraction of activity in the absence of monensin. For the apoA-I uptake studies, the asterisk represents a significant difference from the untreated cells (P , 0.01) by one-way ANOVA followed by a Tukey-Kramer comparison. The error bars represent 1 SD of triplicate samples from one of two representative experiments. B: Representative confocal images taken through the center of the cell. The images were taken within 1 h of each other during the same experiment using identical instrument settings. The outer membrane marker used in Fig. 2 was omitted for these experiments. The concentration of monensin used is indicated under each image. Fig. 8 . Effect of ABCA1 over-expression on apolipoproteinmediated cholesterol efflux and apoA-I uptake in Chinese hamster ovary (CHO) cells. CHO cells were transfected with an ABCA1 green fluorescent protein construct and compared with untransfected cells in terms of cholesterol efflux and apoA-I uptake over a 6 h incubation, as described in Methods and presented as in Fig. 7 . The * and # symbols represent significant (P , 0.0001) differences from untransfected cells for apoA-I uptake and cholesterol efflux, respectively, by unpaired two-tailed Student's t-test. demonstrated to be equally as capable of stimulating cholesterol efflux as WT apoA-I. It is possible that the labeling method may affect the cellular trafficking of apoA-I or its susceptibility to normal degradation processes.
The finding of a relatively small pool of resecreted apoA-I does not preclude the ability of such a pathway to account for the majority of apolipoprotein-mediated cholesterol efflux, especially if this small pool is rapidly turned over. To evaluate this possibility, we devised an estimate of the total flux of apoA-I through the putative retroendocytosis pathway. The estimation uses the degree of apoA-I degradation as a marker for the amount of apoA-I passed through the cells. This estimate depends on the following three assumptions, the merits of which will be discussed below: 1) degradation of apoA-I primarily occurs inside the cell; 2) the ratio of degraded apoA-I to intact apoA-I resecreted from the cell is constant over time, and no further degradation occurs once apoA-I is lipidated (see Fig. 5B) ; and 3) all apoA-I that goes through the cell is lipidated. From the pulse-chase study shown in Fig. 4 , a ratio of intact apoA-I to degraded apoA-I of about 0.60 was measured and was consistent over a wide range of chase incubation lengths. As seen in Table 1 , in the presence of cAMP, the macrophages converted 108 ng of apoA-I to a lipidated HDL particle in 3 h, giving an approximate rate of conversion of 90 ng of apoA-I/mg cell protein/h (using an average of 0.4 mg cell protein/well). During that time, 61 ng of apoA-I was degraded. If assumption 2 is correct, then 61 ng * 0.60 (the ratio of intact to degraded apoA-I) 5 37 ng of intact apoA-I came out of the cells over 3 h, giving a rate of about 30.5 ng apoA-I/mg cell protein/h. Therefore, we estimate that about onethird of the total lipidated apoA-I product can be accounted for by retroendocytosed apoA-I. If one accounts for the nonspecific degradation of apoA-I evident in the non-cAMP treated macrophages, then only about 11% of the product HDL can be explained by ABCA1-mediated retroendocytosis. It is also likely that a percentage of the "resecreted" apoA-I was never actually internalized. Although much care was taken to wash off the apoA-I present in the pulse incubation, it is highly likely that some of the apoA-I recovered intact in the chase medium was apoA-I that simply stuck to the outside of the cell. Thus, our estimation of the contribution of endocytosed apoA-I to lipidated particle formation is probably an overestimation.
If most of apoA-I is lipidated at the cell surface, as follows from the arguments above, then the cholesterol effluxed from macrophages should not correlate with the amount of apoA-I internalized. From the experiments shown in Fig. 7 and supplementary Fig. II , it is clear that the uptake of apoA-I and the resultant cholesterol efflux can be pharmacologically decoupled. Amiloride and monensin exhibited relatively minor effects on cholesterol efflux, but were more effective at blocking apoA-I uptake. The fact that monensin and amiloride affected cholesterol efflux to some extent was not unexpected, because it has been shown that compounds that affect lysosomal vesicular trafficking can have profound effects on apolipoprotein-mediated lipid efflux (31) . In the case of monensin, we were surprised at the relatively modest effect that we observed, compared with the work of others (32) . Although the reason for this discrepancy is not immediately clear, perhaps differences in cell type and degree of cholesterol loading may affect monensinsensitive pathways. The experiments performed in the ABCA1-transfected CHO cells provide further support for the claim that a direct correlation between the degree of internalized apoA-I and the degree of cholesterol efflux does not exist (Fig. 8) , at least in these cell types.
On the basis of our data, we propose that although retroendocytosis of intact apoA-I may occur at low levels, the process is probably not critical for the overall efflux of cholesterol from macrophages, i.e., the majority of lipid transfer events probably occur at the cell surface. Based on the work of Vedhachalam et al. (33) and Denis et al. (34) , a general model has emerged in which lipid-free apoA-I first binds to ABCA1 and then associates with specialized lipid domains that have been created/modified by ABCA1 translocase activity. Indeed, most of the apoA-I that binds to cells in an ABCA1-dependent manner is bound to lipid rather than to ABCA1 itself (33) . Although the time frame of this apoA-I-to-membrane association is not clearly known, we propose that apoA-I retroendocytosis may be less a pathway and more a side effect of macrophage membrane turnover. Because macrophages are professional phagocytes, the high degree of endocytic vesicle formation on the cell surface could be expected to trap some of this membrane-associated apoA-I and drag it into the cell. Depending on the intracellular targeting of the particular vesicle, it is conceivable that much of the trapped apoA-I would be delivered to lysosomal compartments and degraded, whereas a small fraction might find its way back to the membrane without degradation. This idea has been suggested previously by Magnusson, Faerevik, and Berg (35) , who concluded that retroendocytosis of certain glycoproteins in liver cells occurs mainly because of incomplete dissociation of ligands from receptors before receptor recycling to the cell surface. They demonstrated a positive relationship between a ligand's affinity for its receptor and the degree of retroendocytosis. The case of apoA-I in macrophages is similar if one thinks of an ABCA1-generated patch of lipid as the apoA-I "receptor." It has been shown that ABCA1 is endocytosed during cholesterol efflux (36) (37) (38) , and it is possible that during this process, apoA-I is occasionally internalized as well. This would explain our observation of the specific nature of the apoA-I uptake and its relationship to ABCA1 activity. The relatively efficient degradation of this internalized apoA-I is consistent with our assertion that the intracellular apoA-I does not account for a significant fraction of the apoA-I that is converted to lipidated HDL. The CHO cells used in the transfection experiment shown in Fig. 8 are probably much less active in terms of endocytosis than are macrophages and probably took up much less apoA-I for that reason. In this same cell line, we have shown that exogenous treatment with ceramide modulates ABCA1 trafficking such that it becomes enriched at the cell surface (39) . The fact that this cell surface enrichment of ABCA1 corresponds to a several-fold increase in cholesterol efflux to apoA-I supports the idea that the plasma membrane may be the key site for apolipoproteinmediated cholesterol efflux.
Finally, although we are proposing that endocytosis of apoA-I plays a minor role in the mechanics of apolipoprotein-mediated cholesterol efflux, we do not preclude the possibility that the internalization of apoA-I may play an important biological role. For example, it is possible that the small amount of apoA-I that is internalized and degraded might function as a signaling agent, perhaps mediating some aspect of macrophage lipid or ABCA1 metabolism such as those elucidated by the elegant studies of Tang, Vaughan, and Oram (40) . In addition, this process may be more important in other cell types. For example, Rohrer et al. (13) have demonstrated that lipidfree apoA-I may be transcytosed across endothelial cells. It is clear that more study is required to unravel the complexities of the interaction between apoA-I and peripheral cells.
